In this study, activated nano-carbon xerogels were obtained by different activation schemes of a resorcinol-formaldehyde xerogel (RFX) with a resorcinol/catalyst (R/C) ratio of 50. For the precursor (RFX), activation was carried out under physical (steam) and chemical (H 3 PO 4 , KOH or NaOH) treatment in a one-stage process. Carbon xerogels were derived by simple pyrolysis at 500 °C or 700 °C for comparative purposes. The samples were characterized by different techniques including CHO elemental analysis, transmission electron microscopy (TEM) and nitrogen adsorption studies at 77 K, with the data obtained in the latter case being analyzed using the BET equation and the α S -method, as well as the fractal dimension approach. The porosities of the obtained carbons were considerably enhanced by chemical activation (mostly within the micropore range), while steam activation promoted the porosities to a lesser extent. Single-bottle removal of copper(II) ions was found to be appreciable in the case of the carbon xerogels (Q ads = 32-52 mg/g) and excellent with the activated carbon xerogels (Q ads = 76-198 mg/g). Application of the pseudo-second-order relationship gave the best fit to the kinetic uptake curves for selected samples. Activated carbon xerogels proved to be potential cation-exchange carbons whose performance appeared to be governed by the total surface area, slurry pH and the abundance of oxygen functional groups per unit surface area of the sorbent.
Development of Porosity and Copper(II) Ion Adsorption Capacity by Activated Nano-carbon Xerogels in Relation to Treatment Schemes INTRODUCTION
Carbon xerogels, a novel class of porous synthetic carbons, were first synthesized by Pekala et al. (1989) through the polycondensation and polymerization of resorcinol-formaldehyde (RF) resins. These materials have received considerable attention over recent years (Pekala et al. 1992 (Pekala et al. , 1998 Lin and Ritter 1997; Al-Muhtaseb and Ritter 2003; Job et al. 2004; Zubizarreta et al. 2008a) due to their high carbon content and porosity, as well as their potential applications in processes such as adsorbents, supercapacitors, catalysts, composites, etc. (Pekala et al. 1995; Moreno-Castilla and Maldonado-Hódar 2005; Kim et al. 2006) .
The synthesis of carbon gels consists mainly of three stages (Lin and Ritter 1997; Al-Muhtaseb and Ritter 2003; Moreno-Castilla and Maldonado-Hódar 2005) : (a) gel synthesis, involving the formation of a three-dimensional polymer in a solvent (gelation), followed by a curing period, * Author to whom all correspondence should be addressed. E-mail: girgisbs@hotmail.com (B.S. Girgis).
(b) gel drying, where the solvent is removed to obtain the organic xerogel, and finally (c) pyrolysis under an inert gaseous atmosphere to form the carbon gel. Three drying routes are commonly employed to obtain the organic gel: supercritical drying, freeze-drying and evaporative drying. Supercritical drying produces the carbon aerogel, freeze-drying produces the carbon cryogel while evaporative drying generates the carbon xerogel (Moreno-Castilla and Maldonado-Hódar 2005) . Evaporative drying is the method which has been least described in the literature because of the shrinkage of the initial structure during the drying process.
Most of the published studies on RF gels agree that the synthesis and drying steps allow the size and volume of the mesopores and macropores in the final carbon gels to be controlled with precision, with the development of micropores taking place during the processing stage (Lin and Ritter 1997; Al-Muhtaseb and Ritter 2003; Moreno-Castilla and Maldonado-Hódar 2005) . The carbons thereby obtained are composed of interconnected sphere-like nodules of nanosized particles, whose size is regulated by the synthesis conditions. The micropores are generated within the nodules by removal of some labile matter during pyrolysis (volatilization); however, the micropore volumes and specific surface areas obtained by simple pyrolysis are not very large compared to other porous carbon materials such as activated carbons. RF carbon xerogels usually have surface areas of 400 -700 m 2 /g, while those of activated carbon xerogels can attain values greater than 2000 m 2 /g (Lin and Ritter 1997; Al-Muhtaseb and Ritter 2003; Moreno-Castilla and Maldonado-Hódar 2005) . For anticipated applications such as in hydrogen or methane storage, a method for developing and controlling the microporosity of carbon gels would be desirable. Accordingly, an additional step is introduced into the activation process applied to the carbon xerogel to enhance the porosity by generating new internal space.
Activation schemes of carbonaceous materials are either performed physically (thermally) by gasification of a char in an oxidizing gas, or achieved chemically by carbonization of the precursor material impregnated with chemical reagents (Bansal and Goyal 2005) . In physical activation, the commonly used gases are steam, CO 2 or air, whereas in chemical activation the reagents mostly used are alkali metal salts (KOH, K 2 CO 3 , NaOH) and inorganic acids (H 3 PO 4 , H 2 SO 4 ). Activated carbon gels have only been studied to any great extent during the past decade (Lin and Ritter 2000; Samant et al. 2004; Elsayed et al. 2007; Zubizarreta et al. 2008b Zubizarreta et al. , 2009 Conceição et al. 2009 ).
The pollution of water resources due to the indiscriminate disposal of heavy metals has caused worldwide concern over the past few decades. Metals, which are significantly toxic to human beings and ecological environments, include chromium, copper, lead, mercury, manganese, cadmium, nickel, zinc, iron, etc. One primary concern is that marine beings can readily absorb the ions derived from these heavy metals which are present in wastewater and thereby allow them to directly enter the human food chain, thus presenting a high health risk to consumers (Meena et al. 2005) . Thus, Cu(II) ions which are discharged in the wastewater of several industries, are micro-nutrients in agriculture and can, therefore, accumulate in surface water. Although Cu(II) ions provide an essential mineral for human beings, their excessive intake results in the accumulation of copper in the liver and produces gastrointestinal problems. The World Health Organization (WHO) has recommended a maximum permissible concentration of Cu(II) ions in drinking water of 1.5 ppm (Girgis et al. 2009 ). It is essential, therefore, that treatment methods are applied to potable waters to remove Cu(II) ions before domestic supply.
Physicochemical techniques such as precipitation, ion exchange, reverse osmosis, electrochemical treatment and evaporative recovery are generally used for the removal of Cu(II) ions from wastewater (Kobya et al. 2005; El-Sherif et al. 2007; Girgis et al. 2009 ). The use of precipitation methods has been limited due to problems associated with the disposal of the precipitated cupric hydroxide (Lima and Marshall 2005) . Other techniques can reduce metal ions, but they do not appear to be highly effective due to limitations in the pH range, as well as the high material and operational costs (Kobya et al. 2005) . Among these various treatment processes, activated carbon adsorption is one of the most commonly used due to its high efficiency and easy operation. Removal of Cu(II) ions has been reported by adsorption onto activated carbon derived from rubber wood sawdust (Kalavathy et al. 2005 ), nutshells (Toles et al. 1998 , flax shive (El-Shafey et al. 2002) , synthesized carbon (Puziy et al. 2004) , apricot stones (Kobya et al. 2005) and peach stones (Girgis et al. 2009 ).
Recently, increasing attention has been focused on using polymer precursors as feedstocks for activated carbons. Thus, resorcinol-formaldehyde resins are promising raw materials for the production of activated carbons with highly developed porosities and surface areas for the following reasons: their substantial fixed-carbon contents, high inherent porosities, controllable macropore and micropore structures, and the relatively low price of the reagents (Yamamoto et al. 2002; Park and Jung 2002) .
In the present study, the potential of synthetic activated carbon xerogels in the removal of Cu(II) ions from aqueous solution has been investigated. Such an application appears to have been unexploited hitherto, except for the study by Meena et al. (2005) on carbon aerogel, a commercial product with a capacity for the uptake of several metal ions such as Cd(II), Hg(II), Pb(II), Cu(II), Mn(II), Ni(II) and Zn(II). However, the study of Meena et al. appears to be of doubtful and unreliable value, as it reports questionable uptakes in the range 0.75-561.7 mg/g, which appear to be meaningless and have no scientific basis.
The activated carbon xerogels reported here were obtained from a laboratory-prepared resorcinol-formaldehyde resin and subjected to various activation schemes. Many aspects of this novel porous carbon have been examined: (1) the effect of different activation schemes, such as steam, H 3 PO 4 and KOH as well as NaOH treatment processes, on the properties of the activated carbon xerogels; (2) the development of porosity under these activation processes; (3) singlebottle uptake of Cu(II) ions from a highly concentrated metal ion solution relative to the simple carbonized RF xerogel; (4) the kinetic removal capacities of selected carbon xerogels and two activated carbon xerogels; and (5) an assessment of the role played by the surface area and oxygen content of the adsorbing carbons on their uptake capacities for Cu(II) ions from aqueous nonbuffered solutions.
MATERIALS AND METHODS

Synthesis of the parent resorcinol-formaldehyde xerogel (RFX)
The organic xerogel, RFX, was synthesized by dissolving prescribed amounts of resorcinol (R) and sodium carbonate catalyst (C) in distilled water at a fixed R/C molar ratio of 50. After dissolution, formaldehyde, F, was added at an R/F molar ratio of 0.5 and the mixture stirred to produce a homogeneous sol solution. This was undertaken in a stoppered glass container which was magnetically stirred and whose temperature was increased to 80 °C and maintained at this temperature for 30 min to allow the polymerization/polycondensation reactions to proceed. After such reaction, the container was maintained at room temperature for 24 h to allow the gelation and ageing of the product (Lin and Ritter 1997; Al-Muhtaseb and Ritter 2003) . A subsequent curing process was carried out by heating the stoppered aquagel in an oven at 85 °C for 1 d without agitation. The cured gel was transferred to an open beaker and heated slowly to 60 °C and held at this temperature for 2 h, before finally being heated at 110 °C for a further 2 h to obtain the organic xerogel (RFX) or resin.
Activated carbon xerogels (ACXs)
These were obtained via the application of three single-step activation procedures to the parent organic RF resin. The first step, viz. steam activation, was performed by the slow heating of the powdered organic gel in a stainless steel reactor placed in a tube furnace to 350 °C. Steam, generated in subsidiary set-up, was admitted into the reactor and the temperature of the same slowly raised to 800 °C, maintained at this value for 1 h, followed by cooling to room temperature. The sample thus obtained is denoted as "ACX-S" below.
The second activation scheme involved chemical impregnation of the RFX with 85% H 3 PO 4 , followed by pyrolysis at 500 °C for 90 min under its own atmosphere. The cooled mass was thoroughly washed and the product thus obtained is denoted as "ACX-P" below.
In the third scheme, the organic RFX was subjected to alkali activation with KOH, followed by pyrolysis at 700 °C for 1 h. Powdered RFX samples were mixed with dry KOH at successively increasing KOH/RFX mass ratios of 1:1, 2:1 and 4:1, respectively, with the final samples being thoroughly washed with distilled water. These samples are denoted as "ACX-K1", "ACX-K2" and "ACX-K4", respectively, below. An additional alkali-activated sample was treated with NaOH at a mass ratio of 1:1, followed by carbonization at 700 °C for 1 h. This is labelled below as "ACX-N1".
Finally, all the chemically-activated carbon xerogels were thoroughly washed with distilled water to neutral pH and dried overnight in an air oven at 110 °C. The pH values, elemental chemical analyses and carbon yields of all the samples were determined with the corresponding data being listed in Table 1 . The total acid-base sites of some of the samples examined in this study were also determined by reaction with NaOH or HCl and titration of the residue (Boehm 1994). 
Characterization of the samples
The porous characteristics of the developed carbon and activated carbon xerogels were determined via nitrogen adsorption studies at 77 K (−196 °C) employing a Gemini 2375, V3.03 automatic volumetric apparatus (Micromeritics Instrument Corp., Norcross, GA, U.S.A.). The samples, which had been initially degassed overnight at 523 K under a vacuum of 10 -5 Torr, were maintained at constant pressure for 2 h before carrying out the adsorption measurements. The specific surface area (S BET , m 2 /g) was calculated by applying the BET equation to the adsorption data (p/p 0 = 0.05-0.35), while the total pore volume (V p ) was evaluated from the volume of N 2 (as a liquid) adsorbed at p/p 0 = 0.95. The average pore width (R p , Å) was calculated from the relationship R p = 2(V p /S BET ) × 10 4 . The nitrogen adsorption isotherms were also analyzed by the α S -method (Sellés-Peréz and Martín-Martínez 1991). By plotting the standard α S -data against the amount of nitrogen adsorbed (V a , cm 3 /g), the following three textural parameters could be obtained: (1) the total surface area (S α t ) from the slope of the first linear section linking the adsorption data to the origin; (2) the non-microporous surface area (S α n ) from the slope of the rectilinear section connecting the later points (at α S ≥ 1.0); and (3) the micropore volume (V 0 α ) from the intersection of the latter line extrapolated to meet the V a -axis (converted into cm 3 of liquid nitrogen). Two other parameters were also deduced; the micropore surface area (S mic ) = S α t − S α n and the mesopore volume (V mes ) = V p − V 0 α , assuming a negligible volume due to macropores. The fractal dimension, D, may be used as an index of the roughness or irregularity of solid surfaces. Its value can be calculated using the Frenkel-Halsey-Hill (FHH) method as applied to the nitrogen adsorption isotherms (Laszlo et al. 1998 ). These authors have suggested the relationship expressed by the following equation:
(1) where q is the amount of nitrogen adsorbed at each equilibrium pressure, q 0 is the amount adsorbed in filling the micropore volume, p 0 is the saturation pressure and K is a constant. Thus, a plot of ln q versus should be linear with the slope (D -3) being used to evaluate D. According to the FHH method, a perfectly smooth surface has the fractal dimension of 2, whereas a very rough or irregular surface has the fractal dimension of 3 (Gomez-Serrano et al. 2005) .
The surface morphology and textural characteristics of selected samples were also examined by transmission electron microscopy (TEM, Zeiss EM 10 instrument).
Adsorption of Cu(II) ions from aqueous solution
Single-bottle batch experiments were carried out under similar conditions in order to assess the affinity and capacity of the developed carbons towards Cu(II) ions. The parent RF resin (RFX), as well as the carbon xerogels carbonized at 500 °C and 700 °C (CX50-500, CX50-700) were also tested in order to examine the impact of the different treatment schemes on the modification of the metal ion uptake capacity. These two carbon xerogels were selected for comparative purposes because activation was carried at 500 °C (for ACX-P), at 700 °C (for ACX-K1, ACX-K2, ACX-K4 and ACX-N1) or at 800 °C (ACX-S). An additional carbon xerogel obtained by pyrolysis at 700 °C of an RFX resin synthesized at an R/C ratio of 1000 (CX1000-700) was employed in studies of the kinetic uptake of Cu(II) ions from aqueous solution.
The standard uptake conditions employed were: initial Cu(II) ion concentration of 2.5 mmol (162 mg/ ), solution volume of 100 m , admixed with 50 mg of the carbonaceous material and employing a contact time of 24 h with stirring. This was intended to provide a high metal ion loading of ca. 300 mg/g. The initial Cu(II) ion concentration, as determining by atomic absorption
spectroscopic (AAS) techniques, was found to be 143 mg/ , which was taken as C 0 in subsequent calculations. The extent of Cu(II) ion uptake may be expressed as the percentage removal [% Removal = (C 0 -C e )/C 0 × 100], the amount of Cu(II) ions adsorbed per unit mass of carbon [Q ads (mg/g) = (C 0 -C e )V/m] and the surface density (SD, µmol/m 2 ), thereby allowing the values to be normalized to unit surface area. In addition, the distribution coefficient, K D = Q ads /C e , where C e is the equilibrium concentration (expressed either as mg/ or mg/g), was calculated for Cu(II)(solid)/Cu(II)(solution) in units of /g. All Cu(II) ion concentrations were determined via atomic absorption spectrophotometry using a Varian model 210 instrument.
RESULTS AND DISCUSSION
Structural and chemical features of the carbon xerogels studied
Three categories of carbons were investigated: a parent resorcinol-formaldehyde xerogel (resin) denoted as RFX, two carbon xerogels derived from the aforementioned RFX by simple pyrolysis at 500°C or 700 °C (CX50-500 and CX50-700) and five activated carbon xerogels obtained via steam activation (ACX-S), potassium hydroxide activation (ACX-K1, K2 and K4), sodium hydroxide activation (ACX-N1) or H 3 PO 4 activation (ACX-P). The chemical characteristics of the investigated samples are summarized in Table 1 . Simple carbonization of RFX at 500 °C led to the loss of two-thirds of the weight of the parent resin, whereas only one-tenth of the original resin mass remained at 700 °C. It is well known that pyrolysis brings about (a) the release of the intra-particle solvent (water), (b) the simultaneous release of volatile matter including residual organic components, together with (c) volatilization of O-and H-containing functionalities giving rise to small molecules such as water, alcohols, ketones and acids, and leaving behind an enhanced carbon matrix. Furthermore, self-activation has been suggested to occur at local sites containing O-groups (Al-Muhtaseb and Ritter 2003) in addition to the effect of a low content of air in the atmosphere of the heating chamber. This last effect results in the formation of CO 2 and CO, revealed as an additional weight loss and promoted porosity. Accordingly, an associated enhancement of carbon content appeared from 58% (RFX) to 77% (CX50-500) and 83% (CX50-700), with a parallel decrease in the H-and O-contents ( Table 2) . Depletion of the O-and H-atomic ratios also occurred at the pyrolysis temperature (H/C from 0.97 down to 0.45 and 0.25, and O/C from 0.47 down to 0.20 and 0.13) for RFX, CX50-500 and CX50-700, respectively. This chemical change was accompanied by a raised slurry pH from 4.0 for RFX to 7.2 for the carbon xerogel, and also increased surface basicity from 0.22 mequiv/g up to 1.22 mequiv/g, the latter value approaching the surface acidity (ca 1.40 mequiv/g) and thus leading to a neutral state for these carbons. Sample CX1000-700 exhibited properties which followed the same trend as for CX50-500 and CX50-700, with a reduction in carbon yield (6%) and oxygen content (8.34%) as well as an enhanced carbon content up to ca. 90% and a neutral pH of 6.5 for the slurry (Gomez-Serrano et al. 2005) .
Physical activation with steam at 800 °C seemed to maintain an insulating envelope around a given sample, thereby preventing excessive gasification of the carbon matrix and leading to a relatively high carbon yield of 21%, with H-and O-contents much higher than that obtained for simple carbonization at 700 °C (see data in Table 1 ). Chemical activation with H 3 PO 4 at 500 °C preserved the carbon matrix to a considerable extent, resulting in a high carbon yield of 30% and characterized by an acidic nature (pH = 3.7 and total acidity = 3.44 mequiv/g).
Activation with KOH inflicted a considerable reduction in carbon yield, attaining a value of 11% at an RFX/KOH ratio of 2 and then increasing to 21% when the RFX/KOH ratio was increased to 4. The resulting KOH-activated xerogels exhibited a decrease in carbon content (from 75% down to 69%) and an accompanying increase in oxygen content (from 22.7% to 28.9%), with the final product being distinctly basic (mean pH ca. 9.6). It is probable that increasing incorporation of alkali shielded the carbonaceous material against excessive gasification and led to the fixation of a greater amount of oxygen on the exposed carbon surface. Sodium hydroxide gave the same effect as KOH at an RFA/NaOH ratio of 1:1, viz. the same yield, same pH for the slurry and the same chemical composition. Although alkali activation with KOH is mostly reported in the literature, it would appear that NaOH seems to give the same effect. This suggestion is supported by the porosity measurements reported below.
The TEM micrographs for RFX, CX50-500 and ACX-K4 are depicted in Figure 1 . The parent organic xerogel and its carbonized product show distinctly fine and nano-structured narrow necks that were interconnected in a "string-of-pearls" arrangement with wide voids (< 100 nm) (Al-Muhtaseb and Ritter 2003) . In comparison to the KOH-activated carbon xerogel, the TEM micrograph indicates that ACX-K4 possessed fine nano-sized grains with much shrinkage and compaction, yielding a high porosity for the resulting microporous structures as will discussed below for the various ACX materials. Table 2 lists the evaluated porosity characteristics of RFX subjected to simple thermal treatment at 500 °C (CX50-500) and 700 °C (CX50-700), in addition to sample CX1000-700. The parent organic xerogel (RFX) possessed a low total surface area (S α t = 174 m 2 /g), but with a considerable total pore volume (V p = 0.325 cm 3 /g) within a meso-/macro-porous structure (note that the microporosity amounted to only 8% of the total porosity). Table 2 summarizes the total surface area (S α t ) and the total pore volume (V P ) evolved under either physical (steam) or chemical (H 3 PO 4 or NaOH) activation of RFX. Steam activation at 800 °C led to the generation of a considerable porosity in the organic resin (ca. four-fold increase in S α t and 1.5fold increase in V p ), mostly within the micropore region. In comparison to simple carbonization at 700 °C, steam activation resulted in an enhanced carbon yield (21% compared with 10%), surface area (653 m 2 /g compared with 174 m 2 /g) and considerable microporosity (S α mic /S α t = 78% compared with 8% and V α 0 /V p = 63% compared with 8%). The porosity attained by ACX-S as expressed in terms of S α t and V p approached those currently reported for some activated carbons. Impregnation with H 3 PO 4 , followed by pyrolysis at 500 °C, brought about a tremendous increase in porosity together with a high yield of carbon (30%). A high-quality adsorbing carbon was thus obtained with S α t of 1336 m 2 /g and V p of 0.720 cm 3 /g, mostly contained within micropores (≥ 90%).
Effect of simple pyrolysis of RFX on porosity development
Influence of steam, H 3 PO 4 and NaOH activation on the development of porosity
Effect of increasing the KOH ratio on the development of porosity in RF resin
As detailed in Table 2 , KOH activation of the parent RF resin at 700 °C supported the efficacy of this procedure for producing highly adsorbing carbons with advanced porosities. Thus, successive regular increases in surface area (S α t ) and pore volume (V p ) accompanied an increase in the KOH/RFX ratio from 1 to 4. The total surface area increased from 991 m 2 /g to 1438 m 2 /g while the pore volume increased from 0.606 cm 3 /g to 0.881 cm 3 /g. The essentially microporous carbons developed exhibited S α t and V P values that ranged between 74% and 87%, and between 52% and 77%, respectively. However, a KOH/RFX ratio of 2 appeared to be the most effective in generating a mesoporosity amounting to 26% in S α t and 52% in V p . In general, the developed ACXs displayed porosities which were comparable to those of typically highly developed activated carbons derived from other source materials (coal, coconut shells and lignocellulosics). What is interesting is that the action of KOH permeated through the primary particles to promote oxygen attachment with enhanced self-activation, resulting in the extensive generation of micropores with high S α t and V p values. Despite this process of self-activation assumed to be achieved at the expense of oxygen functionalities, the KOH-activated ACX samples attached and retained more oxygen functionalities than under other procedure, i.e. simple carbonization, steam or H 3 PO 4 activation.
On comparing the determined porosity characteristics, the most harmful treatment appeared to be simple carbonization of the parent RF resin at 700 °C. In this case, complete collapse of the organic gel nodules occurred, accompanied with a substantial loss of total S α t , V p and mesoporosity. The resulting contracted particles possessed a high microporosity which approached more than 93% of the total porosity. However, CX1000-700 exhibited a good porosity, apparently through selfactivation promoted by minute amount of Na + ions present as a catalyst.
Alkali activation with NaOH (NaOH/RFX = 1:1) at 700 °C also led to the considerable promotion of porosity, as expressed in terms of both S α t and V p values. Thus, in contrast to the carbon xerogel obtained by simple pyrolysis at 700 °C (CX50-700), a seven-fold increase in total surface area and a five-fold increase in total pore volume occurred, thereby demonstrating the high activating effect of NaOH in the development of extended porosity within the RFX resin nodules. Figure 2 shows the plots of the fractal dimensions for the investigated samples. The estimated D values varied between 2.16 and 2.82 ( Table 2 ). The lowest value of 2.16 was associated with the starting resin which might imply the lowest degree of surface rough and irregularity, as the resin particles were composed of nano-sized globules (or nodules). This value was slightly affected by carbonization at 500 °C, where only shrinkage and collapse occurred as a result of the evaporation of the inter-particle solvent without affecting the integrity of the primary particles. However, carbonization at 700 °C had a drastic effect with D increasing considerably to 2.82, thereby inferring the highest degree of surface heterogeneity. This may be ascribed to the degradation, collapse and destruction of the resin nano-particles as a consequence of simple pyrolysis.
Porosity as inferred by the fractal dimension approach
Activation by any method, i.e. steam, H 3 PO 4 , NaOH or KOH, resulted in very similar degrees of roughness or irregularity (D = 2.54-2.61) as compared to the destructive effect of simple carbonization at 700 °C. Thus, the activation procedures applied here (at 500-800 °C) mostly maintained the integrity of the resin, although the nodules shrank as a result of changes in the internal particle structure creating essentially microporosity without markedly affecting the external features. Treatment with a low ratio of KOH (1:1) seemed to have only a limited effect on the external features of the particles, with D attaining a value of only 2.44. However, as far as the value of D was concerned, the present activated carbon xerogels differed appreciably from those for typical activated carbons (D = 2.72-2.96) reported earlier (Laszlo et al. 1998; Gomez-Serrano et al. 2005) . This might be due to the appreciably hard and resistant nature of the carbon xerogel nodules generated by the three activation schemes, despite the high porosity of the carbons derived previously (S α t = 1438 m 2 /g, V p = 0.881 cm 3 /g). It was postulated earlier by Cuerda-Correa et al. (2006) that D was not correlated with the S α t value although, according to Jaroniec et al. (1993) , the dependence between D and the average micropore size is approximately linear. The values of D obtained in the present study are depicted in Figure 3 plotted against three textural parameters: the total surface area (S α t ), the average pore radius (R p ) and the fractional microporosity (V α 0 /V p ). The D versus S α t plot showed no evident correlation, whereas the D versus R p plot showed a clear decreasing hyperbolic curve, while the D versus V α 0 /V p plot exhibited a reasonable linear relationship. From this, it may be inferred that, as the extent of microporosity increased, the fractal dimension increased. Alternatively, micropore widening (e.g. R p from 10.7 Å to 33.5 Å) is associated with a considerable decrease in D values. Thus, the value of D may be considered as an index of the degree of microporosity in activated carbons, and can be used as a valid parameter to indicate the changes undergone by materials as a consequence of different treatments.
Adsorption capacity towards Cu(II) ions from aqueous solution
The pH value of Cu(II) nitrate solution (5.3) decreased slightly on addition of the carbon xerogels (down to 4.4) or the parent RFX (down to 3.8) (see Table 3 ). Two activated xerogels exhibited a similar trend (ACX-S down to 4.6 and ACX-P down to 3.8), i.e. the acidity of the substrate solution increased. This could be due to the presence of acidic oxygen functional groups on the substrate surfaces which released protons via ion exchange with the Cu(II) ions in solution. On the other hand, a very slight increase in pH to 5.5-5.9 accompanied the mixing of Cu(II) nitrate solution with the alkali-activated carbon xerogels, as a result of their inherent basic nature (cf. Table 1 ).
The addition of activated carbon xerogel led to a considerable reduction in the Cu(II) ion concentration from an initial value of 143 mg/ down to a range between 104 mg/ and 44 mg/ , with a corresponding increase in the corresponding Cu(II) ion removal capacity from 27% to 69%. Such an affinity was much higher than that exhibited by RFX and both CX50-500 and CX50-700 (% R = 11 to 18). This indicates that the Cu(II) ion removal capacity was considerably increased when the RF resin was activated, although to different extents depending on the activation scheme employed. Thus, the uptake of Cu(II) ions was enhanced from 52 mg/g to 76-198 mg/g. It is of interest to note that the RF resin with an R/C molar ratio of 1000 when carbonized at 700 °C exhibited a high percentage removal value, R, of 45% with a corresponding uptake capacity of 130 mg/g, approaching that of the resins subjected to chemical activation.
The two relationships plotted in Figure 4 correlate the metal ion uptake values as a function of either the total surface area (S α t ) or the percentage oxygen content. Both plots include the ACXs as well as the parent RFX and carbon xerogels CX50-500, CX50-700 and CX1000-700. A linear relationship appears to apply in both cases, although with a wide dispersion of data points especially those relating to RFX and CX50-500. A more meaningful and interesting relationship for the Cu(II) ion uptake appears when the total surface area, S α t , is taken into consideration, by normalizing the data for adsorbed Cu(II) ions (mg/g) and plotting this in the form of the surface density of Cu(II) ion uptake [µmol Cu(II)/m 2 ] as a function of the surface density of oxygen content (µmol O 2 /m 2 ) as in Figure 5 overleaf. In this case, the apparent linear relationship appears to be more reasonable (R 2 = 0.888), in comparison to the unsatisfactory linear relationship obtained when Q ads was plotted against the percentage oxygen content (Figure 4) where R 2 = 0.612. This means that, in the previous case, not all of the oxygen functionalities contribute to the sequestration of Cu(II) ions, as some of the oxygen entities belong to organic hydrogels and probably to residual water in RFX and CX50-500. Thus, two factors are suggested as playing an important role in the uptake of Cu(II) ions from aqueous solution: the total surface area as well as the oxygen content in the adsorbent carbons (Figure 4 ).
An additional important parameter is the solution pH which depends on the surface (or slurry) pH of the adsorbent; at low values, it enhances the ionization of the oxygen functionalities leading to the release of protons (H + ions) which promote cation exchange. Small variations occurred on immersing the adsorbent carbon xerogels in an aqueous solution of Cu(NO 3 ) 2 at a pH value of 5.3; either the pH was lowered to 3.8 or increased to 5.9. At these values, adsorption is governed by the solution pH (not shown here) and, as established earlier, the maximum uptake of Cu(II) ions occurred in the pH range 4.2-5.1. This might be due to partial hydrolysis of the Cu(II) ions, resulting in the formation of Cu(OH) + ions and Cu(OH) 2 which would be adsorbed to a greater extent on the non-polar carbon surface relative to Cu 2+ ions. Furthermore, another reason for the maximum uptake occurring in the pH range 4.2-5.1 may be the low solubilities of the hydrolyzed Cu(II) ion species. Above pH 6, Cu(II) ions exist as insoluble Cu(OH) 2 (Asmal et al. 1998) . The maximum removal of Cu(II) ions was observed at pH 4 as reported by Kobya et al. (2005) . On increasing the pH from 1 to 6, the amount of Cu(II) ions adsorbed increased from 4.9 mg/g to 24.2 mg/g. This increase in metal ion removal has been explained on the basis of a decrease in competition between protons (H + ions) and positively charged metal ions at the surface sites, together with a decrease in positive charge which results in a lower repulsion of the adsorbing metal ions (Kobya et al. 2005 ). In the case discussed here, the pH of the carbon surface varied between 3.7 and 10.1, while the predominantly effective pH observed in the final solution was in the 3.8-5.9 range. This lies within the range 4.2 < pH < 5.1 suggested earlier, which covers the carbon xerogels and the steam-activated sample. At the higher solution pH (5.5-5.9), corresponding to the alkali-ACXs, a probable additional effect would be the formation of Cu(OH) 2 which could precipitate inside the internal carbon pores. This additional effect may account for the high removal (59-69%) and uptake (150-198 mg/g), as well as the high surface density (SD = 2.15-2.87 µmol/m 2 ). A special case is observed for the H 3 PO 4 -activated carbon xerogel (ACX-P) which exhibited a relatively lower slurry and solution pH value (3.7-3.8), although at a level where there would still be appreciable competition with solution protons (H + ions) at the surface sites. This might suggest a lower percentage metal ion removal and uptake capacity, contrary to the high values observed (R = 57% and Q ads = 162 mg/g). According to Puziy et al. (2002) , this H 3 PO 4 -activated carbon possesses an acidic character and exhibits cation-exchange properties similar to those of oxidized carbons. These acidic entities, whose acidity arises from the presence of residual phosphoric acid, are tightly bound to the carbon surface and are chemically and thermally more stable than those introduced by oxidative treatments. Such phosphorus-containing groups are very effective for the adsorption of heavy metal ions [Cu(II) ions] from acidic aqueous media at pH < 5, and have been suggested as prospective cation-exchangers for the removal of heavy metal ions from water effluents (Lima and Marshall 2005), as they effected 70% removal in comparison to only 31% removal by a strongly oxidized carbon (20% HNO 3 , boiling for 5 h) (Puziy et al. 2004) .
A tentative value has been advanced (unpublished data) for the surface area covered by 1 mg of adsorbed Cu(II) ions (1 mg ≈ 1 m 2 ), and hence the surface area occupied by the adsorbed amounts of Cu(II) ions [S Cu(II) ]. On this basis, the values of the fractional coverage (S Cu(II) /S α t ) were therefore estimated for the samples employed in the present work and are listed in Table 3 . Because of their low surface areas, the fractional coverages of RFX, CX50-500 and CX50-700 were appreciable, being in the range from 0.21 up to 0.37. In contrast, in the case of the ACXs and CX1000-700, the adsorbed Cu(II) ions occupied lower fractions, i.e. between 0.11 and 0.18 of the total surface area. This could be attributed to (a) the limited diffusion of the hydrated Cu(II) ions, or other species, to the internal microporous system and (b) to the hydrophilic nature of the adsorbent surface which favours the approach of undissociated water molecules of smaller size, which then compete with the relatively bulkier charged Cu(II) ion species in the solution. These features of the ACXs provide additional evidence for their potential use as prospective cationexchangers in different processes. The affinity and capacity of these nano-sized, nanoporous, materials demonstrates that they are effective in the uptake of metal ions from aqueous solutions. It should be mentioned that adsorbents for the removal of Cu(II) ions, as reported earlier for activated carbons, exhibited much lower capacities in comparison to the present ACXs (Toles et al. 1998; El-Shafey et al. 2002; Puziy et al. 2004; Girgis et al. 2009 ).
Sorption kinetics of Cu(II) ions onto selected carbons
Although the present carbons showed a considerable capacity for metal ion uptake under the experimental conditions employed, practical applications are normally conducted under different conditions. Thus, large volumes of wastewater with low metal ion loadings are usually treated and short contact times are generally required. In these cases, it is important for the carbon to rapidly adsorb as much of the metal ion as possible and for the uptake mechanism governing the process to be assessed (Lima and Marshall 2005) . For this reason, three carbons with the highest adsorption capacity were chosen for comparative purposes in the present work to allow the determination of the best adsorption capacity available under kinetic conditions. These carbons were CX1000-700 (Q ads = 130 mg/g), ACX-P (Q ads = 162 mg/g) and ACX-K4 (Q ads = 198 mg/g). The kinetic removal curves obtained employing these carbons are depicted in Figure 6 overleaf, where they are shown as plots of percentage removal (% R) as a function of contact time expressed in minutes.
It will be seen from Figure 6 that a considerable increase in % R appeared in the early stages of the process which led to a limiting state. The sequestration of Cu(II) ions from non-buffered aqueous solutions appeared to be a fast process, with limiting removals being attained after 90 min although at different rates. In order to rapidly assess the rate of metal ion uptake, the kinetic curves were drawn as the fractional uptake (R F = % R t /% R l ), where R t is the extent of removal at time t and R l is the limiting uptake at t = 90 min (see Figure 7 overleaf). The plots for the carbonized CX1000-700 and activated ACX-P samples exhibited an identical form in terms of fractional removals, although they ultimately attained different capacities (45% and 57%, respectively). However, the KOH-activated xerogel (ACX-K4) exhibited a completely different behaviour. Thus, 5 min after contacting the adsorbents with the Cu(II) ion solution, the ACX-P, ACX-K4 and CX1000-700 carbons removed 77%, 48% and 44% of their limiting uptake, whilst after 20 min the same carbons removed 87%, 63% and 65%, respectively. A 90% fractional uptake was attained after 25, 60 and 52 min by the same order of carbon samples. This trend confirms the definite removal of Cu(II) ions as Cu(OH) 2 achieved during the first uptake stage (from 5 min and beyond) by the alkali-activated basic carbon (whose slurry pH was ca. 9.5). In the case of the other carbons, Cu(II) ions were removed as Cu 2+ on ACX-P or as Cu(OH) + (on CX1000-700). It is worth mentioning that in these batch removal experiments only a small carbon dosage was necessary at a solution concentration of 0.5 g/ to effect such uptakes. In order to describe the kinetic adsorption process, three models were applied to the experimental data, viz. the pseudo-first-order pseudo-second-order and intra-particle diffusion kinetic equations. In general, the adsorption kinetics involved two stages: a rapid removal stage, controlled by external mass transfer and a slower stage, governed by internal diffusion through the adsorbent. The evaluated kinetic parameters are listed in Table 4 . The pseudo-first-order kinetic model, known as the Lagergren equation, may be written in a linear form as:
( 2) where q e and q t are the amounts of Cu(II) ions adsorbed at equilibrium (mg/g) and at time t (min) respectively, and k 1 is the equilibrium rate constant for pseudo-first-order sorption (min −1 ). The pseudo-first-order rate constant, k 1 , may be calculated from the slope of the linear log(q e -q t ) versus t plot and q e from the intercept (not shown here).
The linear form of the pseudo-second-order equation can be expressed as:
( 3) where k 2 is the rate constant for the pseudo-second-order adsorption process [g/(mg min)]; k 2 and q e can be obtained from the slope and intercept, respectively, the plot of t/q t versus t (not shown here). In addition, the initial adsorption rate (h) can be determined from the equation:
(4)
The intra-particle diffusion model was also applied in an attempt to elucidate the diffusion mechanism. This is given by the expression:
where k p is the rate constant for intra-particle diffusion [mg/(g min 0.5 )] which may be determined from the slope of the linear portion of the plot of q t versus t 0.5 as shown in Figure 8 overleaf. The corresponding values are listed in Table 4 . The pseudo-first-order kinetic equation provided a less satisfactory fit as indicated by the somewhat lower values of the correlation coefficient (R 2 ), whereas the pseudo-second-order equation gave a much more satisfactory fit (R 2 ca. 0.99). With this kinetic equation, the evaluated equilibrium uptakes of Cu(II) ions were closer to the batch Q ads values and the corresponding rate constants (k 2 ) were in the order: ACX-P > ACX-K4 > CX1000-700. According to the kinetic curves, as well as the evaluated initial adsorption rates (h), the carbons CX1000-700 and ACX-P exhibited similar initial adsorption rates. However, in contrast, the initial removal rate for the alkali-activated carbon xerogel ACX-K4 was three-times faster. Such a difference may be attributed to the relatively greater development of porosity in this carbon sample and, particularly, to its distinctive basic nature which aided the formation of the insoluble Cu(OH) 2 species that deposited inside the internal porosity mainly during the early stages of uptake. This distinctive cation uptake capacity was associated with a much lower intra-particle diffusion constant (k p ), indicating a higher resistance towards diffusion into the internal microporosity relative to the deposition of Cu(OH) 2 at the pore opening on the adsorbent surface [cf. k p = 4.37 mg/(g min) for ACX-K4 versus 14.8 mg/(g min) for ACX-P, respectively]. Under these circumstances, the factors proposed above for the sequestration of metal ions, viz. high surface oxygen content, pH and surface area, would cooperate, with the first two parameters contributing to a greater extent in the removal process. Despite the basic character of ACX-K4 (pH 9.4), only a small increase in the pH of the aqueous solution from 5.3 to 5.9 occurred upon contacting the adsorbent with Cu(II) nitrate solution (see data listed in Table 3) .
A comparison of the maximum Q ads (in mg/g and mmol/g) values for the adsorption of Cu(II) ions onto the prepared samples with those obtained for previously studied activated carbons prepared under different conditions is given in Table 5 . It can be seen that the selected carbon samples employed in the present study possessed a higher adsorption capacity (approximately 35-fold) than those previously prepared from different agricultural by-products. This means that the new, promising and excellent adsorbing carbons described herein may be employed as prospective adsorbents for the removal of heavy metal ions from wastewaters. 
CONCLUSIONS
Activated carbon xerogels have been demonstrated as prospective adsorbents for the remediation of metal ion-loaded wastewaters. Although the potential of such novel nano-carbon materials as adsorbents has been suggested previously, they have rarely been exploited for such purposes. Currently described activation schemes applied for the production of conventional activated carbons were used in the present study for the treatment of a resorcinol-formaldehyde resin (RF resin). These activation schemes included chemical procedures (H 3 PO 4 , KOH and NaOH) employing a resorcinol/sodium carbonate catalyst ratio of 50, as well as thermal activation with steam as traditionally employed. Carbon xerogels obtained by simple carbonization of an RF resin at 500 °C and 700 °C suffered structural shrinkage and collapse of the nano-sized nodular structure with a loss of internal surface area, and exhibited only small Cu(II) ion removal capacities of 32-36%. Activated carbon xerogels (ACXs) were characterized by their high oxygen content (14-29%) in addition to a pronounced surface area up to 1438 m 2 /g and an internal volume up to 0.881 cm 3 /g. The porosity generated occurred essentially within the micropore size range depending on the activation technique employed. The best activation results were obtained for chemical activation employing phosphoric acid, KOH or NaOH in that order, whilst the least effective was the conventional steam process. The ACX carbons prepared exhibited high removal capacities towards Cu(II) ions from aqueous solution, particularly the activated products obtained from the application of H 3 PO 4 , KOH and NaOH (R = 52-69%, with a capacity of 150-198 mg/g), whereas the steam-activated ACX removed a smaller amount of Cu(II) ions (R = 27% with a capacity of 76 mg/g). It is suggested that the metal ion uptake was controlled by the O-content, the surface pH value and the apparent total surface area. Oxygen functionalities provide active sites for Cu(II) ion sequestration by ACXs. Kinetic data were better described by the pseudo-second-order model and demonstrated that KOH-ACX was the best adsorbent as demonstrated by its higher removal capacity, initial adsorption rate and lower intra-particle diffusion constant. Metal ion removal by H 3 PO 4 -ACX involved removal via O-functionalities as well as residual phosphate groups whose presence enhanced the cation-exchange properties of the material. A carbon xerogel with an R/C molar ratio of 1000, carbonized at 700 °C, possessed good porosity as well as a metal ion removal capacity which was higher than that observed for the steam-ACX but comparable to the chemicallyactivated carbon xerogels, especially the ACX-P sample. The parent RF resin, as well as the carbonized products obtained at 500 °C and 700 °C, exhibited a good uptake capacity of 32-52 mg/g towards Cu(II) ions. Overall, the results obtained widen the scope of the novel nano-carbon materials as potential cation-exchange adsorbents. The activated products were more effective than other available materials and would be valuable in special remediation processes such as those invoving biological fluids.
